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Abstract
A high-speed 3D imaging method is developed by integrating ultrafast laser pulse
shaping, temporal focusing microscopy and defocused imaging. This system does not require
mechanical movement of either the stage or laser beam. Axial scanning is achieved by
manipulation of group velocity dispersions on the femtosecond laser spectrum via pulse shaping
method by applying modulation functions on an acoustic optical modulator which diffracts the
laser spectrum. The scanning depth becomes only dependent on electronic signals that can be
tuned to kHz speeds. The volumetric high-speed scanning capability was demonstrated on
fluorescent microspheres suspended in a volume of 100 x100 x 80 µm3.
Powder samples of 𝑅𝑏𝑥 𝐶𝑠1−𝑥 𝐻2 𝑃𝑂4 (0 ≤ 𝑥 ≤ 1) were synthesized with 10% intervals
of Rb (0 ≤ x ≤1). Powder XRD performed shows three major structures between the various
samples: monoclinic P21/m for x ≤ 0.5, monoclinic P21/c for x = 0.8, tetragonal I-42d for x ≥
0.9, and a polymorphic distribution of these structures in the x = 0.6 & 0.7 samples. Second
Harmonic Generation (SHG) microscopy and SHG – polarization microscopy was performed
and a unique quadruple dependence on polarization was found and correlated to a monoclinic
p21/c structure unique to the x = 0.8 sample. SEM/EDS analysis supports the polymorphic
distribution of structures seen in the x = 0.6 & 0.7 samples.
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Chapter 1: Nonlinear Optics and other Techniques
SECTION 1: TWO-PHOTON MICROSCOPY
1.1.1 Theory

The field of nonlinear optics is the study of intense laser light interaction with matter.
Maria Goppert-Mayer first theorized two photon excitation as a principle of quantum mechanics
more than 50 years ago in her dissertation in 1931. With the advent of the laser, a coherent, high
intensity light source, in the 1960s, TPE was demonstrated in crystals for the first time in 1961
by Kaiser et al. [1]
Nonlinear phenomena occur when the response of the material to the applied
electromagnetic field depends in a nonlinear manner to the strength of the filed. In traditional
(confocal) microscopy, the sample is illuminated by a laser source in visible or UV light
spectrum. For excitation to occur, the energy of the single incident photon must match the energy
gap, ∆𝐸𝑔 , between the ground state and the excited state, therefore we must consider the
relationship between the photon energy E and radiant wavelength λ as follows,

∆𝐸𝑔 = 𝐸 =

ℎ𝑐
𝜆1𝑝

(1.1)

where h is planks constant and c is the speed of light in vacuum. In two photon or multi photon
absorption, the excitation is produced by receiving two (multiple) lower energy photons
simultaneously. These energies, or wavelengths of these photons are not necessarily identical,
but they must satisfy the relationship:

1

𝜆1𝑝 ≅ (

1
1
+ )−1
𝜆1 𝜆2

(1.2)

For practical purposes we can choose the wavelength of the two photons to be equal such
that
𝜆1 = 𝜆2 = 2𝜆1𝑝

(1.3)

Making the required energy relation

∆𝐸𝑔 =

ℎ𝑐
2𝜆1𝑝

(1.4)

Therefore, systems with visible one photon excitation transitions can be excited with
infrared (IR) and near-infrared (NIR) wavelengths (680nm-1040nm). The energy diagrams for
one photon and two photon excitation are shown in Figure 1.1a.
Assuming there is an intermediate virtual state in the system, the temporal window
available for the two-photon absorption lies between 10−15 to 10−16 seconds. In order to meet
this condition of temporal confinement, it is necessary to confine the incident photon density.
The probability 𝑃(2) (𝑡) of a two-photon absorption event is dependent on the square of the
intensity of incident field.
𝑝(2) (𝑡) = 𝜎 (2) (𝜔)𝐼 2 𝑡

(1.5)

where 𝐼 = 2𝑛𝜖0 𝑐|𝐸|2 and 𝜎 (2) (𝜔) is the two-photon cross section. A typical order of magnitude
for the cross section is 10−10 𝑐𝑚4 𝑠⁄𝑝ℎ𝑜𝑡𝑜𝑛𝑠 2 . Since this cross section is very small, high
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photon flux densities of the source are required. This is achieved with a continuous wave (CW)
laser tightly focused at the sample.

a)

b)

Figure 1.1 : One-Photon Abortion vs. Two-Photon Absorption energy diagram

In order to compensate for the thermal effects of the high power at the sample location, a shortpulsed laser is used. This allows for reduced power at the sample and creates sufficient
instantaneous (peak) energy to produce TPE while decreasing the thermal effects. This extreme
high photon density restricts the excitation to the focal plane (Figure 1.1b). The quadratic
relation between the excitation power and the emitted fluorescence intensity, this implies that the
fluorescence will fall off as 𝑑4 from the focal point to the objective lens. Two photon is
intrinsically three dimensional allowing us to gain information in the axial direction.
3

Because we can use two photons for the task of one photon at lower energies, the photons
can penetrate much deeper into the samples. TWM photons typically fall in the rage of the IR to
NIR range and this is especially important for reducing the photo damage of the samples.
1.1.2 Optical Set Up
The laser source is a femtosecond titanium sapphire (Ti:Sapphire) laser. The laser pulses with a
pulse duration of 100fs at a rate of 80MHz, has an average power at and above 2.5W and has
tunable wavelength range of 690nm to 1040nm. Most of the widely used fluorophores have
single photon excitation wavelengths from 350 to 690 nm. For two photon absorption, this brings
the excitation wavelength into the range of our laser source. A polarizer and half wave plate
(HWP) are used to reduce and adjust the amount of power delivered at the sample location. The
half wave plate is rotated to achieve the desired power while the polarizer remains fixed.

Figure 1.2: Schematic of Two-Photon Microscope
The laser is raster scanned in the x-y plane by a galvanomirror that scans the beam in the vertical
4

y direction and a polygonal mirror that scans in the horizontal x-direction. Currently we can
collect a two-dimensional image of 350um x 350um at a rate of 30 frames per second.
The objective lens focuses the raster scanned beam on to the sample. The excitation beam
of the sample is collected by the same objective lens and passes through a series of dichroic
mirrors( a,b,c in Figure 1.2) and band pass filters (d, e, f in Figure 1.2) to photomultiplier tubes
(PMTs) where the photons are converted into electrical signals. The DMs transmit certain
wavelength while reflecting others. The excitation beam is split into its red, green and blue
(RGB) components by the DM and filtered once more by their subsequent band pass filters and
into their respective photomultiplier tubes. The samples are mounted on a three-dimensional
motorized stage (Shutter Instrument, model MP-285) which allows us to record images and
videos at a given z-position. A more detailed description of the TPM can be found in [2].
SECTION 2: SECOND HARMONIC GENERATION
1.2.1 Theory
Classical Electromagnetism tells us that that the polarization in a dielectric material is
linearly proportional to the applied electric field. When the laser was introduced is was realized
that the linearity was only a first order approximation. The polarization, or dipole moment per
unit volume, can be expanded in terms of the applied electric field E
P(t) = 𝜒 (1) 𝐸(𝑡) + 𝜒 (2) 𝐸 2 (𝑡) + χ(3) E 3 (𝑡) + ⋯
≡ 𝑃(1) (𝑡) + 𝑃(2) (𝑡) + 𝑃 (3) (𝑡) + ⋯

(1.6)

We can see that the polarization has nonlinear terms of 𝐸 such as 𝐸 2 (𝑡). The quantities
𝜒 (2) and 𝜒 (3) are called the second and third order nonlinear susceptibilities. The above
equations treat P(t) and E(t) as scalar quantities and assumed the polarization response of the
5

material at some time t depends only on the instantaneous value of the applied electric field. This
assumption implies that the dielectric medium is lossless and dispersionless through the
Kramers-Kronig relations.
Second harmonic generation, or frequency doubling, is a coherent elastic optical process
of the radiation of the dipoles in the dielectric material. This radiation is dependent on the second
term of the expansion 𝑃(2) (𝑡) = 𝜒 (2) 𝐸 2 (𝑡) . Like TPE, SHG also occurs when two photons
interact with a target material. The excitation of SHG is not in terms of energy levels because
there is no absorption of photons, rather the response of the material is dipole radiation. [3] There
is no energy loss when the two photons interact simultaneously, they combine to produce a
single photon with exactly twice the frequency (energy), or half the wavelength of the originals.
The dipoles radiate with 2ω as well as ω. For example, a laser source whose field strength is
𝐸(𝑡) = 𝐸0 𝑒 −𝑖𝜔𝑡
interacts with a crystal whose second order susceptibility 𝜒 (2) is non zero. The 2nd term in the
polarization expansion in equation (1.6) can be written as

𝑃(2) (𝑡) = 2𝜒 (2) 𝐸𝐸 ∗ + (𝜒 (2) 𝐸 2 𝑒 2𝜔𝑡 )

(1.7)

Where the first term is a contribution of the original frequency ω and the second term contributes
a frequency of 2ω. An energy diagram of SHG vs TPE is shown in figure 1.3:

6

Figure 1.3: Second Harmonic genreation energy diagram

The solid line represents the ground state of the system while the dashed lines are virtual states
that are not eigen-states of the atom. Rather, the virtual states represent the combination of
energy from the photons in the radiation field and one of the energy eigen states of the atom.
The power of the radiation of dipoles can be written in terms of the hyperpolarizability β
of the dipole moment μ,
𝝁2𝜔 =

1 2
𝛽𝑬
2 𝜔
𝜔5
𝜎𝑆𝐻𝐺 ~𝐶 3 |𝛽|2
𝜋𝜀0

1
𝑃𝑆𝐻𝐺 ~ 𝜎𝑆𝐻𝐺 𝐼 2 ,
2

(1.8)

with 𝜎𝑆𝐻𝐺 being the cross section for the SHG and C being a number. Like TPE the intensity of
the SHG signal depends on the square of the intensity of the incident laser light.
We can also write the polarization expansion as a vector expansion making the 𝜒 (𝑛)
susceptibilities n+1 rank tensors. The tensor can then be written in contracted notation
7

1 (2)
𝑑𝑖𝑙 = 𝜒𝑖𝑙
2
Where
jk:
l:

11
1

22
2

33
3

23,32
4

31,13
5

12,21
6

The 3rd rank tensor can now be written as a 3 x 6 matrix
𝑑11
𝑑𝑖𝑙= [ ⋮
𝑑31

⋯
⋱
⋯

𝑑16
⋮ ]
𝑑36

If we consider the spatial symmetry of the crystal classes, it is well known that
centrosymmetric crystal 𝜒 (2) tensor components vanish. Only the crystals classes that possess
inversion symmetry have a surviving second order susceptibility.
It is important to mention that SHG also occurs at the interfaces of materials where there
is a breaking of local symmetry. SHG is also used as a technique to probe the ferroelectric domains
in LiNbO crystals and phase transitions in thiophosphates. [4-6] In Boyd [7] it mentioned that a
centrosymmetric crystal can display a lack of inversion symmetry if the arrangements of atoms
within the crystal do not possess a center for inversion due to neighboring atoms being different
species.

1.2.2 Optical set up

The optical set up for the SHG microscope is the same for TPE shown in figure 1.2 with
the addition of HWP2 that is adjusted to rotate the incident electric field through angle θ. A rotation
of the HWP2 by angle θ corresponds to a rotation of 2θ of the linear polarized light of the laser
after HWP1.

8

SECTION 3: SCANNING ELECTRON MICROSCOPY

Scanning electron microscopes (SEM) provide images that closely approximates what the
human eye sees. This is possible because the depth of field for SEM is much greater than the
resolution of the field of view. Morphological details can also be made clear be utilizing
imagines from two slightly different viewpoints. The resolved two-dimensional imaging and the
ability to capture displacements in the optical axis make SEM an invaluable tool for material
characterization.
An electron gun accelerates electrons to energies in the range of 1 to 30keV that penetrate
a solid sample. This beam is then raster scanned across the sample in the x-y plane. The electrons
that penetrate the sample undergo both elastic and inelastic scattering within, in SEM it is the
inelastic scattering that predominates. [8] The electrons that escape the surface are known as
secondary electrons while the electrons from deeper in the system are scattered back
(backscattered electron). It is these electrons the are used to from the SEM image of the sample.
1.3.1 Energy Dispersive Spectroscopy

Energy Dispersive Spectroscopy (EDS) is a typical attachment on most SEM systems. If
the primary electron has an energy higher than that needed to eject an electron there is some
finite probability that ionization will occur. Ionization is another form of inelastic scattering hat
raises the energy of the energy of the atom above its ground sate while reducing the energy of the
incident electron by some amount characteristic of the ionization energy for the sample. This
higher energy state of the atom can decay by transmission of the electron into a vacant state. If

9

these excitation occur from electron in the inner shell of the atom, these transitions emit photons
in the x-ray range thus creating a spectrum of x-ray. These characteristic wavelengths follow de
Broglie relationship:
𝜆=

ℎ𝑐
𝑒𝑉

where V is the accelerating voltage applied to the electron beam, h is planks constant, c is the
speed of light and e is charge of the electron.
These wavelengths are specific to the chemical make up the sample and allow for a way
to determine the chemical elements and their special distribution in the sample. Solid state x-ray
detectors convert photons absorbed into electrical charge pulses which are proportional to the
energy of the incident photon coming from the sample. The rate at which these detectors are able
to accept photon “counts” are limited by the time is required for each individual charge pulse to
decay in the detector. EDS can be done on the entire sample or done on a specific location on
the sample also known as point analysis.
1.3.2 System
Morphology aspects and chemical analysis were performed by using a scanning electron
microscopy SU3500 system (Hitachi, Japan) with an integrated energy-dispersive X-ray
spectroscopy (EDS) OXFORD Instrument X-MaxN (Oxford Instruments, UK).

SECTION 4: X-RAY DIFFRACTION

Similar to SEM, a beam of electrons is accelerated onto a target, in this case a metal
target typically copper, to produce x-rays. However, these x-rays are now the source of the
10

elastic interaction with the sample in question. The array of atoms in the crystal lattice interact
with the radiation to form diffraction spectrum/patterns. The condition to which a material will
produce discrete diffraction patterns is that the wavelength must be comparable to the atomic
spacing of the lattice. The angle of diffraction of the x-ray photons can be written using the
Bragg equation
𝑛𝜆 = 2𝑑 sin 𝜃
where n is an integer, d is the spacing of the lattice planes in the crystal, and λ is the wavelength
of incident radiation. The intensity of the diffracted beam is dependent on the atomic make-up of
the lattice and their geometrical relation in respect to the lattice points. The x-ray spectrum is
collected by rotating an x-ray detector about the sample. An unknown crystalline material can be
identified from its characteristic peak patter produced using XRD and comparing it to a database
with a “diffraction standard”. It can also be fit to a theoretical model of the material’s crystal
structure. The degree in which the original data fits with either the standard pattern or the
modeled pattern determines the confidence in the fitting.
The x-ray spectrum is collected by rotating an x-ray detector about the sample. There are
two main types of XRD, Single crystal XRD and powder XRD. Each of these techniques
produce unique diffraction patterns according to crystal structure. In this work we limit ourselves
to powder XRD techniques. As the name suggests, this technique is used to study “powdered
samples” where the grain size is much less than in the incident beam cross section. As the
detector is rotated, the diffraction patterns and intensities are recorded as a function of 2θ.

11

1.4.1 System

X-ray diffraction patterns of the samples were collected on a powder diffractometer
(Empyrean 2, Malvern Panalytical, Netherlands) using a Cu K-α radiation source (λ=1.54184 Å).
All powder diffraction patterns were refined and fitted known patterns in the Inorganic Crystal
Structure Database (ICSD) via Malvern’s HighScore+ software.

Chapter 2: Temporal Focusing Microscopy
SECTION 1: PRINCIPLES

The ability to study dynamical processes is limited by the rate we can temporally resolve
events as they occur. A Temporal focusing microscope system will allow us to achieve a
scanning rate of a several thousand frames per second. In biological applications, the ability to
track particles is motivated by the study of molecular behavior and interactions in vivo. For
example, a single tagged particle can reveal protein movement and interactions as well as
processes in virus infection. Since most of these processes happen in 3 dimensions it is desirable
to have axial resolution in the nanometer range at high scanning rates.
Current approaches for 3D tracking include utilizing feedback loops for 3D stage (or
laser source) control or by defocused imaging techniques. In the former approach an axial
resolution of 1nm can be achieved. The latter is based on wide field fluorescence microscopy
where the defocused image has complex concentric ring structures due to Fresnel diffraction. We
can measure the ring radius and extract the z position of the particle. This approach has
Angstrom accuracy and can achieve a range of 100um of depth [9]. However, both of the above-
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mentioned methods require mechanical movement of either the stage or the laser source to
achieve the axial dimension which limits the imaging speed of the system.
In Temporal focusing microscopy, the pulse width of a femtosecond laser pulse is
shortest at the focal plane of the objective lens and broadens as it moves away (see figure). It has
been demonstrated [10,11] that by changing the group velocity dispersion (GVD) of the laser
pulses leads to a shift in the temporal focal plane in the axial direction of the objective lens. This
allows the z-scanning to be a function of GVD.

Figure 2.1: Temporal Plane, Focal plane of lens and Spatial overlap of the monochromatic
components of the laser pulse

Current GVD manipulation is still achieved by mechanical movement of a prism pair or a
piezo electric bimorph mirror. Pulse shaping is a technique that spreads the femtosecond laser
pulse spectrum in space and each monochromatic component is modulated by acousto-optic
modulator driven by a radio-frequency wave allowing electronic control of GVD [12]. The
monochromatic components converge at the focal point of the objective lens. In order to
13

estimate the amount of GVD applied on the laser spectrum when a certain RF frequency sweep is
applied on the AOM acoustic wave, we must consider the input-output relation of the optical
field in the frequency domain, 𝐸𝑖𝑛 and 𝐸𝑜𝑢𝑡 , respectively. This can be written as

𝐸𝑜𝑢𝑡 = 𝐸𝑖𝑛 (𝜔)𝑒 𝑖(2𝜋𝑓𝐴 +𝜙)𝑡

(2.1)

Where 𝑓𝐴 is the acoustic wave frequency driven by the RF wave. To apply GVD the RF wave
must be modulated with, for example, a sawtooth function by an AFG in the form of

(2.2)

𝑓𝐴 (𝑡) = 𝑓𝐴0 + Δ𝑓𝐴 𝑡
The sweep frequency Δ𝑓𝐴 can be calculated
Δ𝑓𝐴 =

Δ𝑓𝐴 𝑡
𝜏

Where τ is the period of the AFG output. By substituting equation (2.2) in (2.1) we now get the
relation
𝐸𝑜𝑢𝑡 = 𝐸𝑖𝑛 𝑒 𝑖(2𝜋(𝑓𝐴0 +Δ𝑓𝐴𝑡+𝜙)𝑡) = 𝐸𝑖𝑛 (𝜔)𝑒 𝑖(2𝜋(𝑓𝐴0 +𝜙)𝑡) 𝑒 𝑖2𝜋Δ𝑓𝐴𝑡

2

When the acoustic wave travels in the AOM, the laser pulse spectrum reaches the cavity
of the AOM. This creates a one-to-one mapping between the laser spectrum frequency (ω) and
the location (x) on the AOM which further maps to the acoustic wave traveling in time in the
AOM. Both mappings are linear by considering only the first order terms:
2

𝑡 𝑡𝑜 𝜔

𝑒 𝑖2𝜋Δ𝑓𝐴𝑡 →

14

𝑒 𝑖2𝜋Δ𝑓𝐴 (𝑎+𝑏𝜔)

2

(2.3)

To calculate the traveling time of the acoustic wave the aperture size, ℓ, and material of
the AOM, λ is taken into consideration
Δ𝑡𝑡𝑟𝑎𝑣𝑒𝑙 =

ℓ
𝜆

Therefore, the mapping parameter b can be calculated
𝑏=

Δ𝑡𝑡𝑟𝑎𝑣𝑒𝑙
Δ𝜔

with ∆ω being the optical frequency span along the AOM aperture. We can now write equation
(2.3) as
2

𝑒 𝑖2𝜋Δ𝑓𝐴(𝑎+𝑏𝜔) = 𝑒 𝑖2𝜋∆𝑓𝐴(𝑎
Here, only the term 𝑒 𝑖2𝜋∆𝑓𝐴𝑏

2 𝜔2

2 +2𝑎𝑏)

𝑒 𝑖2𝜋Δ𝑓𝐴𝑏

2 𝜔2

contributes to the GVD. Now we have a GVD

dependence on applied voltage the AFG on the RF wave.
𝐺𝑉𝐷 = 2 × 2𝜋∆𝑓𝐴 𝑏 2

(2.4)

In this work it is demonstrated, experimentally, that by integrating pulse shaping with temporal
focusing two photon microscopy and defocused imaging, 3D volumetric scanning can be
achieved with high imaging speeds and micrometer axial resolution with no mechanical
scanning. The imaging speed is then only limited by the fluorophore’s brightness and the
detector sensitivity, in this case a CCD camera.
SECTION 2: OPTICAL SET UP

The temporal focusing two-photon microscope set up is shown in figure 2.2. The
femtosecond laser pulses come from a chirped pulse amplifier (CPA) laser system (Solstice
ACE, Newport, Santa Clara, California, USA) with wavelength at 800 nm, pulse width at 35 fs,
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repetition rate of 5 kHz, and maximum power of 6 W. The power delivered to the sample is
controlled by a half wave plate (HWP) and polarizing beam splitter just as in the TPM set up.
A telescope composed of two gold-coated reflective concave mirrors (M1 and M2) is used for
shrinking the beam size to fit later apertures and to limit the spatial dispersion when the laser
pulse passes through an acousto-optic modulator (AOM). A pair of prisms is used to precompensate the GVD from all the optical elements in order to achieve the shortest pulse width at
the focal plane of objective lens. The broad spectrum (~40 nm) of the short laser pulses is
separated in space by a diffraction grating (900 lines/mm, Edmund Optics, Barrington, New
Jersey, USA), and is collimated by a concave mirror (M3, f = 500 mm), and then is diffracted by
an AOM (TED8-200-50-800, Brimrose, Sparks, Maryland, USA) with an active aperture size of
1 mm × 35 mm.

Figure 2.2: Temporal Focusing Microscope Set Up
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This AOM is driven by a radio-frequency (RF) wave with the center frequency at 200
MHz from its driver, and this RF wave is further modulated by an arbitrary function generator
(AFG 3102C, Tektronix, Beaverton, Oregon, USA). This modulation can change the amplitude,
phase, and frequency of the RF wave. This AFG is synchronized to the femtosecond laser pulse
at 5 kHz. The AFG outputs a voltage applied on the RF driver. When this voltage scans from 0 to
10 V, the frequencies of the RF wave from the driver is scanned from 180 to 220 MHz. In this
range of scanning, the frequency has a linear dependence on the voltages applied. The 1st order
diffracted beam from the AOM is reflected by another reflective concave mirror (M4, f = 1000
mm). After passing through a lens (L1) and a long-pass dichroic beam splitter (FF665-Di02,
Semrock, Rochester, New York, USA), the beam shoots into the microscope objective lens (LD
plan-NEOFLUAR 63 × , NA 0.75, Zeiss, Jena, Germany). Here M3 and M4 form a 4-f system,
L1 and the objective (L2) form another 4-f system.
The laser beam spot on the diffraction grating goes through Fourier transformation and
inverse Fourier transformation twice and is mapped onto the objective focal plane. The size of
the illuminated spot (𝐴1 ) on the sample is determined by the original beam size (𝐴0 ) on the
grating and focal lengths of M3, M4, L1 and L2. Hence, A1 = f4/f3 × f2/f1 × 𝐴0 , where f1, f2, f3,
f4 are the focal lengths of M3, M4, L1, and L2. Thus, the illuminated area on the sample can be
easily tuned by changing the focal lengths of one or a group of lenses. Each monochromatic
beam after grating diffraction is collimated from Grating to M3, is then focused from M3 to
AOM, expanded from AOM to M4, is collimated from M4 to L1, is focused then expanded from
L1 to objective lens (L2), and is collimated after L2. These collimated monochromatic beams
overlap at the focal plane of the objective lens to form the imaging area with a diameter about
100 μm in this experiment.
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The CPA laser is at its optimal working conditions (pulse width, mode) with output
power of 6 W. The HWP and PBS are placed in front to the CPA laser to lower the power to our
microscopic system. We only use around 100 mW of the laser power passing through the AOM.
To avoid tight focus at the AOM, the focal length of the concave mirror (M3) is 500 mm. The
efficiency of the 1st order output power of the AOM is measured at 20%. The resulting power at
the imaging plane is in the range of 10-20 mW. The fluorescent signal from the sample is epicollected by the same objective lens. An EMCCD camera (iXon Ultra 897, Andor Technology,
Belfast, UK) is used to detect the signal. A bandpass filter (607nm/36nm, Edmund Optics,
Barrington, New Jersey, USA) is placed in front of the camera. The sample is mounted on a
motorized translational stage (NPXYZ100SG, Newport, Irvine, California, USA).

a)

b
)

Figure 2.3: Schematic of GVD control via AOM
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The axial scanning mechanism controlled by AOM is briefly explained in the previous
section and schematically in figure 2.3. The AOM driver generates an RF wave fed into AOM.
The acoustic transducer creates an acoustic wave at the same frequency which travels across the
AOM. When the laser beam passes through the AOM, different components of the spectrum are
diffracted by this acoustic wave at different places along the AOM aperture (figure 2.2a).
The diffraction condition is described as
𝑛𝜆 = 2Λ𝑠𝑖𝑛𝜃

(2.5)

where n is an integer, λ is the laser wavelength, Λ is the acoustic wavelength, 2θ is the angle
between the incident beam and the diffracted beam. In our system, λ is centered at 800 nm, and
Λ is given by v/f, where v is the speed of the acoustic wave traveling in the AOM material made
of TeO2, which is about 4200 m/s, and f is the RF wave frequency which is 200 MHz. After
plugging all the parameters into equation (2.5), we can calculate the angle for the 1st order
diffraction beam to be about 1°. For such a small angle θ, and n = 1, we approximately have
𝜃=

𝜆𝑓
𝜈

Here v has a fixed value, however λ is a function of location λ(x). The spectra of the laser pulse is
spread out from λ-Δλ to λ + Δλ, where λ is the center wavelength, Δλ is the FWHM of the laser
spectrum, which is 40 nm. When the RF wave has a constant frequency f and assuming Δλ is
much smaller than λ, the diffraction angle θ is the same for all wavelength components. In reality
Δλ induces slight θ change, and causes slight spatial dispersion in the recombined femtosecond
laser beam at the focal plane of the objective lens [12]. By adjusting f as a function of time f(t) =
a + bt, where a and b are constants, the travelling acoustic wave has chirped frequency (Δf) along
the AOM aperture (figure. 2.2(b)). This chirped RF frequency corresponds to applying GVD on
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the laser spectrum. In a simple ray tracing explanation, such chirped frequency causes different
diffraction angle θ for different wavelength components. For instance, the longer wavelength
component and shorter wavelength component both deflect towards the center causing the shift
of the focal plane in axial direction.
SECTION 3: MATERIALS AND METHODS
The samples that were imaged are fluorescent microspheres with an emission wavelength
peak at 605nm and diameter of 1um. (FlouSpheres carboxylate-modified, F8821, Thermo Fisher
Scientific, Waltham Massachusetts, USA). The concentration of microspheres is diluted with
distilled water at the ratio 1:2000. For the initial part of the experiment, the microspheres where
dried on a glass microscope slide. For the second part, the microspheres were suspended in
solution uniformly and were placed in a contained cylindrical volume between the slide and a
cover glass. All the sample preparation was executed completely in the dark as to preserve the
optical properties of the microspheres.
SECTION 4: FAST 3-DIMENSIONAL IMAGING WITH TEMPORAL FOCUSING MICROSCOPY

The first part of the experiment was to demonstrate the capability of shifting the temporal
focal plane via pulse shaping, by a series of voltage functions from the AFG that control the
chirped frequencies of the RF waves were applied on the AOM driver. The microspheres were
stationary as they were dried on the glass slide. For each applied AFG voltage function, the z
position of the sample was scanned by mechanically moving the 3D sample stage with x and y
positions fixed, and a fluorescence image was acquired at each z position through a range of
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100um. The applied varying voltage induced GVD on the spectrum and changed the temporal
focal plane as shown in figure 2.2b.
When the applied voltage is a constant, we can calculate the applied GVD to be 0 fs2 by
using equation (2.4). Because the femtosecond laser spectrum still has residual GVD, the
temporally focused laser beam achieves its shortest width at focus (the first row of figure 2.4)
when the applied voltage is a saw tooth function with total amplitude of 7.2 V (marked with half
of its value 3.6V in figure 2.4), with the RF wave sweeping frequency (Δf) of 28.8 MHz. This
changing RF wave frequency corresponds to applying GVD of 1.7 × 105 fs2 (using equation
(2.4) as well).

3.6V

4.1V

4.5V

5.1V

z=-10

0

10

20

30

40

50

60um

Figure 2.4: Montage of fluorophore signal at various applied voltages through zdirection

This step is to compensate the residual GVD caused by the optic system. In this
configuration, the temporal focal plane overlaps with geometric focal plane of the objective lens
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(z = 0 μm with + z direction indicating sample moving towards objective lens), and we define
that the extra GVD for shifting temporal focal plane as 0 fs2. When the applied voltage is a saw
tooth function with amplitude of 8 V, the RF wave sweeping frequency is 32 MHz. This
changing RF wave frequency corresponds to applying total GVD of 1.94 × 105 fs2, plus the
extra GVD for shifting the temporal focal plane is 2.4 × 104 fs2. Therefore, the temporal focal
plane is shifted to the plane at z = 20 μm (the second row of figure 2.4).
This shifting of the temporal focal plane by applied GVD depends on several parameters,
such as laser spectral FWHM, and the numerical aperture of the objective lens. The temporal
focal plane was further shifted to z = 40 μm plane and z = 60 μm plane by applying the saw tooth
function with amplitude changed of 9 V and 10.2 V respectively. This separation of temporal
focal plane from geometric focal plane has negative effect on the image quality. When the
temporal focal plane is slightly shifted away from the geometric focal plane in the range of ± 10
μm, the single fluorophore PSF image indeed becomes blurry. When this shift is larger, the
single PSF image has the characteristics of concentric rings in defocused images with peak
intensity in the outermost ring, and the central lobe becomes blurred as shown in the second to
fourth row in figure 2.4.
At the temporal focal plane, the femtosecond laser pulse reaches its shortest temporal
width that leads to the highest two-photon excitation efficiency. However, the fluorescence
signal collection efficiency of the objective lens always remains highest at its geometric focal
plane. As the temporal focal plane shifts away from the geometric focal plane, less collection
efficiency decreases the images quality. Therefore, there are two intensity peaks when scanning
the fluorophore in z direction: one at the temporal focal plane and the other at the geometric
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focal plane. In figure 2.5 all lines have a smaller peak at z = 0 (not shown in the plot). This ring
structure is not present when the sample is moving away from the objective (z < 0 μm).
The total two-photon excitation (TPE) signal at an axial plane of position z has been derived in
[11] as:

+∞

𝑇𝑃𝐸(𝑧) = ∫

+∞

∫

−∞

𝐶

𝐼 2 (𝑥, 𝑧, 𝑡)𝑑𝑥𝑑𝑡 =

−∞

2

{[1 + 𝛽Ω2

1
2 2

(2.6)

𝑧−𝑓
𝑓 − 𝑧 + 𝛽Ω2 𝑍𝑅
] +[
] }
𝑍𝑚
𝑍𝑅

where C is a constant independent of z. The focal length of the objective lens 𝑓 = 2.2 × 10−3 𝑚,
and β is the GVD. The full-width half maximum (FWHM) of the frequency spectrum of the
pulse can be written as
𝐹𝑊𝐻𝑀 = √2𝑙𝑛2Ω

And

1
1
Ω = 2𝜋𝑐 ( − ) = 7.7 × 1013 𝑠 −1
𝜆1 𝜆2
After the beam is separated into the monochromatic components the separation distance is s and
the FWHM of each component is
𝐹𝑊𝐻𝑀𝐶 = √2𝑙𝑛2𝑠

ZM is the Rayleigh length of the focused monochromatic beam, ZR is the Rayleigh length of the
focused spatially-chirped beam.
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2𝑓 2
𝑍𝑀 =
= 1.2 × 10−4 𝑚
𝑘0 𝑠 2
𝑍𝑅 =

2𝑓 2
= 5.4 × 10−7 𝑚
𝑘0 (𝑠 2 + 𝛼 2 Ω2 )

Here, α is a constant proportional to the grove density of the grating and the center wavelength
vector for the output λ= 800nm is
𝑘0 =

2𝜋
= 7.9 × 106 𝑚−1
𝜆

In order to simplify equation (2.6) we let 𝛽Ω2 = 𝑢 and

𝑧−𝑓
𝑍𝑀

= 𝑣,

𝐶

𝑇𝑃𝐸(𝑧) =

1

𝑍 2 2
{[1 + 𝑢𝑣]2 + [𝑢 − 𝑍𝑀 ] }
𝑅

The temporal focal plane is the plane where reaches its maximum. And such condition is met
when the denominator is at its minimum. i.e. when

𝑧𝑀
)𝑢
𝑧𝑅
𝑧=
𝑧𝑚 + 𝑓
𝑧
(𝑢2 + ( 𝑀 )2 )
𝑧𝑅
(1 −

For a given microscopic system, all parameters are constants except 𝛽Ω2 = 𝑢, which is a unitless quantity and proportional to the value of GVD calculated with equation (2.4).
The z-sectioning capability of temporal focusing two-photon microscope depends on
several factors such as laser spectrum bandwidth and the numerical aperture of objective lens.
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The maximum fluorescence intensity change in axial dimension is plotted in figure 2.5. As the
voltage scan increases, the focal plane shifts towards the objective lens. For an increase of 3V the
focal plane shifts as much as 60 μm. Each curve is labeled with the normalized GVD applied.
The FWHM is less than 10 μm at z = 0 plane. It becomes wider when the axial focal plane shifts
away from objective focal plane [11].

Figure 2.5: Experimental Results of Temporal Focal Shift though z-direction

Implementing defocused imaging for temporal focusing two-photon microscope is more
challenging because the ring intensity in defocused images is much lower than that in in-focus
image. To increase the signal to noise ratio, an EMCCD camera working at low temperature
(−80 °C) was used to collect signals. The theoretical dependence of temporal focal plane shift on
applied GVD is plotted in figure 2.6 (blue curve); and the experimental data from figure 2.5 are
plotted as red dots that show close fit with the theory. The theoretical curve is close to a linear
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curve, when the normalized GVD is small (𝛽Ω2 < 100). And the shifted temporal focal plane
reaches its peak, when 𝛽Ω2 = 220.

Figure 2.6: Experimental vs Theoretical trends of temporal focus shift on applied GVD

Since the AOM driver and AFG were synchronized with the femtosecond laser pulse
sequence, the axial scan was automatically controlled by electronics. Therefore, the speed of this
electronic control can be much faster than mechanic control. In principle, the axial scan can be
set at a high speed such as 5 kHz which is the repetition rate of this CPA, or even higher at MHz
range to match the repetition rate of some commercial products on the market. However, the
limiting factor, as always, is the signal-to-noise ratio (SNR). When the scan frequency increases,
the signal noise ratio decreases. For the purposes of demonstrating the high-speed axial scans, we
recorded a video at 10 Hz to visualize this axial scanning effect more clearly. For the video, four
different voltages were applied as an amplitude modulation programmed into the AFG (figure
2.7c. 4(a)). The fluorescent microspheres float in the liquid with Brownian motion. When
microspheres are in the objective focal plane, it shows up as an in-focus spot. When the
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microspheres are out of the objective focal plane, they show as an out-focus ring structure. The
center position of the ring can determine the x and y location of the microspheres. The z location
of the beads is determined by its ring radius [13]. Figure2.7a shows one frame from the recorded

a)

b)

c)

Figure 2.7: Screen cap of particles suspended in a volume and plotted spatial distribution. a)
screen capture of video taken b) spatial distribution plotted c) schematic of the
synchronization of laser pulse (top, blue) and AFG voltage function (bottom, red)
for automatic temporal focal plane shifting
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video. Based on these defocused images, and the characterized relations between z and ring
radius, the 3D position of these particles are calculated and presented in figure 2.7b.
SECTION 5: RESULTS

In summary, we developed a high-speed 3D volumetric microscopic imaging system by
integrating two techniques, temporal focusing and pulse shaping. It has the capability of
acquiring 3D volume information at high speed. The improvement and novelty in this paper,
compared to previous one, is that we explored the feasibility of volume scanning (Visualization
1) with fast electronics control. Instead of taking pictures layer by layer in depth slowly, the
temporal focal plane is scanned quickly by the applied voltage on the AOM driving wave for fast
3D imaging. There are practical limitations in this setup for the maximal amount of depth scan
by changing the GVD, such as the bandwidth of the AOM and image SNR. This high-speed 3D
imaging capability will enable researchers to explore and analyze previously unobtainable fast
dynamic information with the aid of an automatic 3D image analysis software. Some ongoing
applications in our laboratory include studying virus infection, visualization of nanoparticle
transportation, and brain imaging. Its applications will extend to many other fields, where
conventional laser scanning two-photon microscopes are being used, such as tracing cellular
dynamics in live animals. One phenomenon is in the obtained defocused images the rings form in
an asymmetric way in positive and negative z direction from objective focal plane. The reason of
that is due to the construction of the objective lens. Several objective lenses were tested under
the same optical alignment. Different objective lenses forms different ring patterns. Specifically,
for each objective, the dependence of the ring size D(z) is a function of z. This function is
determined by the structure of each objective lens, with the same condition of optical alignment.
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Chapter 3: Optical Characterization of Crystallographic domains of
𝑹𝒃𝒙 𝑪𝒔𝟏−𝒙 𝑯𝟐 𝑷𝑶𝟒 (𝟎 ≤ 𝒙 ≤ 𝟏).
SECTION 1: SOLID ACID FUEL CELLS

Fuel cell (FC) technology is a rapidly growing topic of research in the effort to move
away from fossil fuel consumption. The environmental impact and finite amount of fossil fuels
available drive research in renewable energy sources. Fuel cells are appealing because they have
a low to no emission of pollutants and high efficiency. In the 1800s, William Nicholson and
Anthony Carlisle described the process known as Electrolysis which is the decomposition of
water into its components of hydrogen and oxygen. [14]
2𝐻2 𝑂 → 2𝐻2 + 𝑂2
William Robert Grove in 1838 created what is called the first fuel cell with platinum
electrodes in sealed containers of oxygen and hydrogen.
2𝐻2 + 𝑂2 → 2𝐻2 𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦
Hydrogen is an energy carrier not the source which means it can store usable energy and
deliver to the appropriate source. Hydrogen can me produced abundantly using known renewable
energy resources such as wind and solar.
A fuel cell is like a battery in the sense that it converts the energy of a chemical reaction,
in this case hydrogen and oxygen, into electrical energy. The basic components of a fuel cell are
two electrodes, a cathode and anode, and an electrolyte separating the two. Hydrogen is passed
through the anode and the oxygen is fed through the cathode. The hydrogen splits into electrons
and protons and the protons conduct through the electrolyte while the electrons move though a
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conduction path generating electricity. The protons and electrons recombine into hydrogen at the
cathode where the oxygen and reformed hydrogen recombine to produce water molecules.
The main component of a fuel cell then becomes the proton conducting electrolyte. There
are several types of fuel cells including Polymer electrolyte membrane FC, Direct Methanol FC,
alkaline FC, solid oxide FC, and solid acid FC to name a few. These classes of FC are
determined by the operating temperature, fuel required, and the type of electro-chemical
reactions that take place.
This study focuses on one type of solid acid fuel cell, 𝑅𝑏𝑥 𝐶𝑠1−𝑥 𝐻2 𝑃𝑂4 (0 ≤ 𝑥 ≤ 1). The
current on market electrolyte material, Nafion®, requires a humid atmosphere which limits the
working temperature range. Phosphate electrolytes, namely CPD, has shown promise in the
intermediate temperatures and high proton conductivity upon heating to operating temperature of
230C. A previous study done by Goos et al [15] demonstrated that by incrementally replacing Cs
with Rb, a new crystal phase was discovered at x=.8 and at high levels of Rb doping, an
enhancement of proton conductivity occurs.
In order to investigate the structural nature of the incrementally doped compounds of Rb
and Cs, SHG Microscopy is used as the response is structurally dependent along with powder
XRD and EDS point analysis.
SECTION 2: EXPERIMENTAL PROCEDURES
3.2.1 X-Ray Diffraction

Mixtures of RbxCs(1-x)H2PO4 were synthesized by increasing molar amounts of rubidium
in 10% increments (0≤ x ≤1) following the same process outlined in [15]. Powder XRD was
done through a range of 2θ from 15˚ to 55˚ in step size of 0.013˚ at an accelerating voltage of
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45kV. The peak patterns for the compounds are shown in figure 3.1 along with the matching
database (ICSD) peak locations for the monoclinic and tetragonal structure (solid lines at the

Intensity (a.u.)

bottom of figure 3.1).

RDP
80% Rb
70% Rb
60% Rb
30% Rb
CDP

˚2θ
Figure 3.1: Powder XRD results through diffraction angle 2θ

The trend of the peak shifts shown in the inset of figure 3.1 represents strain of the lattice
parameters as the amount of Rb is increased and these trends are plotted in figure 3.2. For
samples 0-50% Rb, the monoclinic structure, 𝑃21/𝑚 , is consistent throughout with shrinking
lattice parameters while the 80% Rb-doped (Rb-D) sample expands the “a” lattice parameter
transforming the structure to the new 𝑃21/𝑐 structure in its powdered form consistent with the
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single crystal XRD analysis from Goos [15]. The 90% Rb-D and 100% RDP are in the tetragonal
phase with space group 𝐼4̅2𝑑.

Figure 3.2: Lattice parameter stress trends through x

3.2.2 Second Harmonic Generation
The second harmonic generation response of the materials was then recorded using the set
up described in chapter 1 section 2. The output laser power was tuned to 90mW and the blue PMT
voltage set to 1.8V in order to avoid saturation of the signal. The laser is set to 930 nm for second
harmonic generation as the dichroic mirror b in figure 1.2 transmits wavelengths above 483nm +/32nm and reflects those below therefore any SHG signal form the sample would be collected by
the blue PMT. The montage of images shown in figure 3.3 are averaged slices of 50 frames and
only the blue channel is shown. For the range of Rb-D samples we can see strong SHG signal
from 100%-60% Rb. We expected SHG signal to come from the 100 % and 90% samples as the
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tetragonal structure (𝐼4̅2𝑑) is non-centrosymmetric satisfying the condition for 𝜒 (2) to be nonvanishing in the polarization expansion (equation 1.6).

Figure 3.3: Montage of SHG signal of Rb Doped Samples labeled by atomic weight percent
However, the components of the second order Xi tensors for 80-60% should all go to zero as the
crystal structures of 𝑃21/𝑚 and 𝑃21/𝑐 are centrosymmetric [6]. In order to confirm that the signal
is due to second harmonic generation, a power scan was conducted on all 5 samples (100- 60%).
The power was adjusted in increments of 5mW though a range of 0mW- 200mW. For a nonlinear
optical process and for SHG, according to equations (1.5) and (1.8), the slope of the log-log plots
for incident power vs intensity of recoded signal should give us a value of 2 because the
dependence on the square of the incident intensity of the laser. To obtain the pixel intensity per
increment of power, a region of interest (ROI) was chosen and the mean pixel value for that region
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was recorded. In figure 3.4 these values are plotted accordingly and the slope of all 5 signals is
approximately 2. This indicates that a nonlinear interaction is occurring between the sample and
incident laser light.
This is not enough to say that the emitted signal is SHG with certainty. Another condition
of the SHG is that the signal should be dependent on the orientation of the electromagnetic field.
Meaning, as the orientation of the electric field changes though a range of 2π, the signal should
show some dependence on this rotation.

Figure 3.4: Power scan data
This dependence is specific to the structure of the crystal and subsequent on the 𝜒 (2) tensor itself.
A rotation of the HWP 2 in figure 1.1 was done in increments of 10 deg for a total rotation of 180˚
(360˚ rotation of the EM field). The same data collection process as the power scans is used here
where a ROI is chosen. This ROI was selected carefully in such a way that the signal changed
uniformly through the region selected. The SHG polarization (SHG-P) plots for the sample are
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shown in figure 3.5 where it is clear that there is a dependence on the angle θ of the EM field as
the signal increases to some value and decreases almost to zero as the rotation occurs.
Two distinct shapes are present in the range of samples. One is a dipole type that dominates
the sample interactions, while the 80% Rb-D exhibits a quadrupole shape with 2-fold symmetry.

a)

d)

b)

e)

c)

Figure 3.5 SHG-Polarization plots for Rb-Doped samples. a) 100% RDP,
b) 90%Rb, c) 80%Rb, d)70%Rb, e)60%Rb
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3.2.3 EDS and SEM of 80% Rb-D
EDS and SEM were used to confirm that the SHG signal was coming from the tetragonal
crystals within the sample as it is believed 80% Rb-D is polymorphic from the XRD results. When
we compare the region exhibiting SHG to the SEM image we can see that only very specific
structures within the powder (circled in figure 3.5a) exhibit SHG. The EDS also confirms that this
portion is in fact 80% Rb in atomic weight (AW) corresponding to the 𝑃21/𝑐 structure while the
portion that has no SHG is the 𝑃21/𝑚 structure.

a)

b)

Figure 3.6: SEM vs SHG singal (inset) of 80% Rb doped (a), polar plot of same crystalite (b)
SHG-P response was done again to confirm the quadrupole shape of this sample
(figure3.6b). It is hypothesized that 60% and 70% were also polymorphic since the powder XRD
results show (inset of figure 3.1) peaks that match multiple database patterns.
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3.2.4 60% Rb Doped Powder Analysis
To probe the crystallographic domains in the 60% Rb-D sample, an in-depth analysis was
done using SHG and EDS congruently. To begin, carbon glue was deposited on an aluminum stage
of dimensions 1mm by 1mm. The powder form of 60%rb was then deposited on top of that and
left to dry for 8 hours. Using the same laser and power parameters as before, a map of the SHG
signal was collected though an area of roughly half the full square area of powder sample. This
map was used later to locate the ROI in SEM for EDS analysis. An example of a section of the
SHG map used to locate the ROI is presented in figure 3.7 along with the corresponding locations
as seen with SEM. The circled regions in the two images are distinguishable areas that were used
to verify both fields of view aligned.

Figure 3.7: Macroscopic View of SHG (left) and SEM (right) of 60% Rb doped on carbon glue
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It is clear, visually, that there is sparse SHG signal compared to the density of powder on
the carbon glue. This is consistent for the entire 1mm x 1mm area of the sample. Ten regions that
exhibited dipole behavior were then located within the sample using the Second Harmonic
Polarization (SHG-P) scans as described in the previous section. This was repeated for another ten
regions that exhibited the quadrupole behavior. These 20 ROIs where recorded on the map of SHG
signal. Throughout the sample the dipole behavior dominated the SHG-P signal.

Figure 3.8: Distribuion of power dependce of SHG for dipole and quadraople
regions
In addition to the SHG-P scans, a power scan was conducted on all 20 ROI’s and plotted
in figure 3.6. The dotted lines represent the best fit line for the overall trend of the two behaviors.
The slope of both lines is approximately 2 confirming the nonlinear nature of the interaction of the
material with the incident light. The x-intercept of the best fit lines determine the saturation
threshold of the SHG signal. Because it is believed that the SHG is coming from two different
crystal phases, these phases would have different 𝜒 (2) tensors whose elements determine nature of
38

the SHG signal. The difference in the quadrupole threshold versus the dipole threshold, 0.369 and
0.143 respectively, is further indication that two different 𝜒 (2) tensors are responsible for the signal
in this powder.

a)

b)

14
15

c)

Figure 3.9: ROI for SHG-P and EDS of 60% Rb doped sample (a & b respectively).
GeneralSGH-P plots from the sample (c)
To determine the percent doped Rb in the ROIs, EDS point analysis was then conducted.
An example of an ROI’s second harmonic signal vs the SEM image is shown roughly to scale in
the figure 3.9 a) & b) repectively . The circled regions correspond to the specific areas of the ROI’s
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that were analyzed with each technique and in figure 3.9 c are the general shapes of the SHG-P
behviors in the sample.
The tabulated results of the EDS point analysis in table 3.1 confirms that the quadrupole
regions have an atomic weight of Rb of roughly 80% while the dipole regions consist of 90%+
Rb. It is important to note that for each individual grain of SHG powder analyzed, only one
behavior was found. The two ROIs in figure 3.9, specifically, exhibited quadrupole SHG-P
behavior. These are labeled as location 14 & 15 and in table 3.1 with a corresponding Rb AW%
of 85.00% and 79.00% respectively.
Table 1: EDS point analysis results for dipole and quadrupole ROIs

1

Dipole

Rb% by
Atomic
Weight
93.60%

2

Dipole

95.50%

12

Quadrupole

82.40%

3

Dipole

94.80%

13

Quadrupole

78.30%

4

Dipole

97.50%

14

Quadrupole

85.00%

5

Dipole

93.80%

15

Quadrupole

79.00%

6

Dipole

98.30%

16

Quadrupole

80.40%

7

Dipole

97.60%

17

Quadrupole

80.40%

8

Dipole

91.70%

18

Quadrupole

84.80%

9

Dipole

92.70%

19

Quadrupole

83.50%

10

Dipole

93.20%

20

Quadrupole

82.00%

Location

SHG-P
Behavior

11

Quadrupole

Rb% by
Atomic
Weight
77.10%

Location

SHG-P
Behavior

From Powder XRD is it known that 90% and 100% Rd-D structures fall into the tetragonal
𝐼4̅2𝑑 space group while the 80% corresponds to the 𝑃21/𝑐 space group. With the three optical
probing techniques used, XRD, SHG-P, and EDS, there is enough evidence to state with high
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confidence that the 60% Rb-D sample is polymorphic in all three phases with the monoclinic
𝑃21/𝑚 dominating.

SECTION 3: DISCUSSION

By utilizing the structural dependence of SHG microscopy, it has been demonstrated that
this technique can be used to probe the different crystal phases within a polymorphic powder
sample. The source of the SHG in the monoclinic 𝑃21/𝑐 is still unclear as this crystal class has a
vanishing 𝜒 (2) tensor. There several possibilities that include a frustrated hydrogen network within
the primitive cell causing a local breaking of symmetry within the spatially centrosymmetric
structure. Another source of the breaking of symmetry could be due to the cleavage plane that is
exposed when the powder is ground generating a broken symmetry at the surface. These cleavage
planes can be seen clearly in the SEM image in figure 3.4 for the 80% doped Rb powder. Further
investigating is needed to determine the cause of SHG in this monoclinic structure for either of the
presented hypotheses. It is unclear whether induvial grains of the polymorphic powder contain
both phases simultaneously. It has been demonstrated in nanowires that SHG-P can be used to
determine multiple phases in a single wire [16]. However, our SHG microscope is limited in its
resolution to analysis of areas in the micrometer range. It is then concluded that the shape of the
SHG-P plots can be interpreted as representing the dominating phase in that single grain.
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